Spermatogonial stem cell (SSC) self-renewal and differentiation are required for continuous production of spermatozoa and long-term fertility. Studying SSCs in vivo remains challenging because SSCs are rare cells and definitive molecular markers for their identification are lacking. The development of a method for propagating SSCs in vitro greatly facilitated analysis of SSCs. The cultured cells grow as clusters of a dynamic mixture of ''true'' stem cells and differentiating progenitor cells. Cells in the stem/ progenitor culture system share many properties with spermatogonia in vivo; however, to fully exploit it as a model for spermatogonial development, new assays are needed that account for the dynamic heterogeneity inherent in the culture system. Here, assays were developed for quantifying dynamics of cultures of stem/progenitor cells that expressed histone-green fluorescent protein (GFP). First, we built on published results showing that cluster formation in vitro reliably predicts the relative number of SSCs. The GFP-based in vitro cluster assay allows quantification of SSCs with significantly fewer resources than a transplantation assay. Second, we compared the dynamics of differentiation in two experimental paradigms by imaging over a 17-day time frame. Finally, we performed shortterm live imaging and observed cell migration, coordinated cell proliferation, and cell death resembling that of spermatogonia in the testes. The methods that we present provide a foundation for the use of fluorescent reporters in future microscopy-based highthroughput screens by using living spermatogonial stem/progenitor cultures applicable to toxicology, contraceptive discovery, and identification of regulators of self-renewal and differentiation.
INTRODUCTION
Adult spermatogenesis results in the hourly production of millions of spermatozoa, a process that continues throughout the male's reproductive lifetime. Long-term maintenance of spermatogenesis, and hence fertility, relies on the function of spermatogonial stem cells (SSCs). Like other adult stem cells, SSCs proliferate in a way that maintains a pool of stem cells and also provides a source of progenitor cells committed to differentiation. Self-renewal of SSCs is important not only for continuous spermatogenesis in the normal testes, it is also the key to reestablishment of spermatogenesis following tissue damage. Finally, maintaining a balance between self-renewal and differentiation is critical to ensure that SSCs do not overproliferate to form germ cell tumors.
While understanding the mechanisms controlling SSC fate has clear clinical and therapeutic relevance, discovering these mechanisms has been challenging for a number of reasons. There are more than 30 million somatic and germ cells in the adult mouse testis, and only approximately 0.01% of testicular cells is an SSC [1, 2] . While several markers have been used to enrich pools of testicular cells with stem cell activity, there are currently no definitive markers for identifying SSCs [3] [4] [5] . Furthermore, SSCs are not confined to a single niche; rather, they are present on the basement membrane throughout the seminiferous tubules.
SSCs represent a fraction of the larger cell population known as undifferentiated spermatogonia. Aside from SSCs, undifferentiated spermatogonia population also includes progenitor cells committed to differentiation. While progenitor cells are not true stem cells, they may retain the potency to revert to a true stem cell under certain conditions, such as after tissue damage [6, 7] . During spermatogenesis, undifferentiated spermatogonia serve to hugely expand the germ cell population. An interesting and evolutionarily conserved feature of spermatogonia is that they undergo mitosis with incomplete cytokinesis and this leads to the production of interconnected chains of spermatogonia [8, 9] . The spermatogonia undergo several rounds of mitosis while also undergoing a series of differentiation steps that can be distinguished based on distinct molecular phenotypes and nuclear morphology. The resulting cells are termed A1-A4, intermediate and type B differentiated spermatogonia. Interestingly, along with proliferation, the normal process of spermatogonial differentiation is also associated with cell death which may serve to regulate germ cell density within the testes [10, 11] . Death of differentiated spermatogonia invariably occurs in clusters, with chains of interconnected sibling cells dying in synchrony [12] . Ultimately the surviving differentiated spermatogonia undergo meiosis, thereby generating haploid spermatids, which then undergo spermiogenesis to produce spermatozoa.
Although it remains challenging to discover the mechanisms controlling SSC self-renewal and spermatogonial differentiation and death in vivo, the discovery of conditions for propagating mouse SSCs in long-term in vitro cultures has greatly facilitated studies of SSCs in recent years [13] . The method begins with derivation of a primary cell culture from the testes. During the initial days of culture the germ cells are supported by somatic cells from the testes. Subsequently, germ cells are cultured on mitotically inactivated mouse embryonic feeder (MEF) cells in a complex medium containing fibroblast growth factor 2 (FGF2) and glial cell line-derived neurotrophic factor (GDNF), critical growth factors that stimulate proliferation and maintenance of the SSCs [14, 15] . Variations in the method of initiating and maintaining SSCs in vitro have subsequently been described, but a feeder layer and the presence of GDNF and FGF2 are common requirements [16] [17] [18] . In keeping with the original terminology, we will use the term "germline stem (GS) cells" to describe in vitro cultures of SSCs.
GS cells recapitulate many morphological and molecular features of undifferentiated spermatogonia in vivo. GS cells grow in three-dimensional clusters of cells, a feature common to multiple SSC culture systems. Using a rat SSC culture system that is very similar to mouse GS cells, Wu et al. [19] demonstrated, using an enhanced green fluorescent protein (eGFP) photobleaching technique, that the majority of cells within the clusters are coupled to each other via intercellular bridges. The growth of GS cells as clusters of cells likely reflects the cystic nature of spermatogonial growth in the testes [8, 9, 13, 19] . GS cell cultures consist of a mixture of true (long-term) stem cells as well as the progenitor cell population. SSCs represent a minor fraction (;1%-10%) of the total germ cell population within GS cell cultures [19, 20] . The heterogeneity of GS cells is evident in the differential expression of numerous proteins among cells within the culture. For instance, some of the cells express kit oncogene (KIT), a protein whose expression is associated with the transition of undifferentiated spermatogonia into differentiated spermatogonia [13, 21] . Another differentiation factor, spermatogenesis and oogenesis-specific basic helix-loop-helix 1 (SOHLH1) protein is also expressed heterogeneously within the GS cell population [22] [23] [24] [25] . Differentiation within GS cell cultures becomes even more pronounced upon exposure to retinoic acid (RA). RA-induced differentiation of GS cells closely mimics the process of spermatogonial differentiation in vivo. That is, markers of undifferentiated spermatogonia such as zinc finger and BTB domain containing 16 (ZBTB16 or PLZF) and POU domain, class 5, transcription factor 1 (POU5f1) become greatly reduced, while markers of differentiation such as KIT become highly expressed in nearly all of the cells; additionally, markers of early meiosis, including synaptonemal complex 3 (SYCP3), are detected following exposure of GS cells to RA [24, 26, 27] .
Given the lack of markers for identifying SSCs molecularly, the transplantation assay has historically been the gold standard for quantifying SSCs [28, 29] . In a typical transplantation experiment, host mice are treated first with the chemotoxic agent busulfan to eliminate germ cells. Four weeks later, genetically marked (e.g., GFP-positive) test populations of spermatogonia are then transferred to the host testes via retrograde microinjection through an efferent ductule(s) [30] . Eight weeks after cell transfer, colonies of donor-derived proliferating spermatogonia in the seminiferous tubules can be counted based on GFP expression, for example. Each colony is clonally derived from a single stem cell, and the relative number of colonies indicates the relative numbers of SSCs in the injected test populations [31] . The ability to quantitate functional stem cell numbers using the transplantation assay sets the mouse SSC experimental model apart from most other stem cell models. For instance, the transplantation assay has been used to demonstrate that exposing GS cells to RA for 3 days leads to nearly complete ablation of stem cell activity [24] . Nonetheless, a transplantation experiment is a major investment of time and resources and requires personnel with specialized skills, costly mice, and sacrifice of vertebrate life. Also, transplantation is not practical to use in large-scale experiments.
More recently, the in vitro cluster-forming assay (hereafter, ''cluster assay'') was established as a novel approach for quantifying relative numbers of mouse SSCs [32] . The cluster assay relies on the fact that upon trypsinization and replating of GS cells, each newly formed cluster is clonally derived from a single cluster-forming ''unit,'' and cluster-forming units are directly (linearly) related to the number of colonies formed in vivo following transplantation. Hence, the relative number of SSCs in two populations can be determined by quantifying cluster formation in vitro. In the original report, the fidelity of the cluster assay for predicting SSC transplantation results was tested in two experimental contexts [32] . In the first experiment, primary cultures of SSCs were grown with or without exogenously supplied growth factors. The transplantation and cluster assays both revealed that under the conditions used, there was no change in the number of SSCs. In the second experiment, testicular cells were subjected to hypotonic treatment, and both assays revealed that a 20-min treatment decreased the number of SSCs. Additionally, the cluster assay has been shown to be a useful tool for measuring toxicity associated with drug treatments [33, 34] . In the latter report, GS cells were labeled with GFP, which facilitated quantification of SSC clusters.
Here we expand upon previous reports in several ways. First, we developed a fluorescence-based semiautomated assay that can be used with living cells to quantitate cluster formation. We applied this GFP-adapted cluster assay in the context of two experimental conditions, both of which are known to be physiologically relevant to pathways controlling SSC self-renewal and differentiation. Additionally, we performed time-lapse imaging of GFP-labeled GS cells. Shortterm (multi-hour) and long-term (multi-week) imaging experiments illuminated the processes of spermatogonial migration, mitosis, and death in living GS cell cultures. The studies provide an essential foundation for future studies aimed at identification of pathways controlling SSC self-renewal and differentiation. The assays and findings we present will facilitate high-throughput analysis using GS cell cultures as an in vitro model for spermatogonial development.
MATERIALS AND METHODS

Generation of pLUG-H2B Plasmid
The U6 promoter was removed from pLLU2G, a previously described lentiviral expression vector, by cutting with SmaI and XbaI, blunting with Klenow fragment, and religating, thereby generating a plasmid called pLUG [35] . Then the human histone H2B coding sequence was cut out from H2B-GFP (plasmid 11680; Addgene; Cambridge, MA) with NheI and AgeI (New England Biolabs, Ipswich, MA) and ligated into pLUG cut with the same restriction sites [36] . The subsequent ligation product, called pLUG-H2B, contained the human ubiquitin C (UBC) promoter driving expression of a H2B-GFP translational fusion with GFP at the C-terminal end of H2B.
Generation of GS Cell Lines
Four GS cell lines were used: DGC1 (wild-type DBA/2), DGC3 (wild-type DBA/2J) UHG1, and MAF4 (Tables 1 and 2 ). DGC1 cells [24] and DGC3 cells were derived from DBA/2 mice by using a method demonstrated to yield spermatogonial cell lines (GS cells) containing self-renewing SSCs [13, 20] . MAF4 cells were generated from DGC1 cells by transducing with lentivirus to introduce a transgene to express GFP under control of the ubiquitin C promoter, and then fluorescence-activated cell sorting (FACS) was used to isolate GFPpositive cells. MAF4 cells were previously shown to contain spermatogonial stem cell activity based on colonization in a transplantation assay [24, 33] . Similarly, UHG1 cells were generated from DGC1 cells by transducing with lentivirus (at a multiplicity of infection [MOI] of ;30) to introduce a transgene (pLUG-H2B) to express H2B-GFP under the control of the ubiquitin C promoter as described previously [24, 35] . A population of GFP-positive cells was sorted using Aria II FACS (Becton Dickinson, Franklin Lakes, NJ) and further propagated to generate the cell line designated ''UHG1'' ( Table 2) . During the transduction, MEFs also became GFP positive but were ultimately eliminated because MEFs were mitotically inactivated (details below) and also HEIM ET AL.
because GS cells were separated from MEFs based on size differences discernible via the forward and side scatter gate used during FACS.
GS Cell Maintenance and Reagents
Cells were cultured in Stem Pro GDNF FGF2 (SPGF) medium (Life Technologies, Grand Island, NY) with supplements according to KanatsuShinohara et al. [13] . The growth factors included were 10 ng/ml GDNF (R and D Systems, Minneapolis, MN) and 10 ng/ml FGF2 (Sigma, St. Louis, MO). (leukemia inhibitory factor and epidermal growth factor are not essential for maintenance of GS cells and hence were omitted [17, 18, 37, 38] [39] . GS cell cultures were generally split by dissociating cells in a well with 0.05% trypsin (HyClone, Logan, UT) approximately every 7 days and passaging approximately 20% of the total cells to a new well; trypsinization yielded a cell suspension that consisted of more than 90% individualized germ cells (data not shown). MEFs were not removed during routine splitting. During the interval between splitting, medium was replaced every 2-4 days. To remove MEFs, as was done prior to the flow cytometry analysis presented in Figure 1B , trypsinized cells were plated for 1.5 h on a well coated with 0.1% gelatin, and then nonadhering cells were recovered by gentle trituration; this procedure yielded a cell population that was more than 98% germ cells (data not shown). A solution of 5 mM all-trans RA (Sigma) in ethanol was stored at À808C (less than 2 weeks) and diluted to 1 lM in medium prior to applying to cells. For experiments involving RA, normal SPGF medium was used as a control except when vehicle (0.1% ethanol in SPGF) was used as indicated (vehicle control has been found in prior studies to have no effect) [24] . For experiments involving ethidium homodimer 2 (EthD2; catalog no. E3599; Life Technologies), cells were incubated in the well in culture medium containing 1 lM EthD2 for at least 10 min before imaging.
Experimental Setups
For cluster assays, cells were plated at 1 3 10 5 cells per well of a 12-well plate and subjected to treatments as described in Results. Following the initial treatment phase, cells were trypsinized and replated at 8000 cells per well of a 96-well high-content imaging plate (BD Biosciences, San Jose, CA) in SPGF medium. Images were acquired 6 days after plating the cells. For the EthD2 time course and multi-day time-lapse experiments, cells were plated at 12 000 cells per well. For multi-day time-lapse experiments, images were acquired daily beginning 1 day after plating. For short-term time-lapse experiments, cells were plated at 12 000 cells per well and cultured for 5 days, and then 1 lM EtHD2 in SPGF medium was put on the cells prior to imaging.
Immunostaining
Cells were plated in a 96-well high-content imaging plate (BD Biosciences) in SPGF medium or under treatment conditions (1 lM RA or without growth factors) as indicated. Cells were washed twice with PBS, fixed in 4% paraformaldehyde for 7 min (or for 10 min in ice-cold methanol for GFRA1), washed twice with PBS, permeabilized in PBS with 0.1 % Triton-X100 (PBT) for 15 min and blocked for 1 h in 13 blocking reagent (Roche) diluted in PBS. For GFRA1, the permeabilization step was omitted, and the blocking reagent was 10% donkey serum in PBS. Primary antibodies and dilutions used were mouse anti-POU5F1 (1:500 dilution; catalog no. C-10; Santa Cruz Biotechnology, Santa Cruz, CA), mouse anti-ZBTB16 (1:500 dilution, monoclonal antibody 2A9; EMD Millipore, Billerica, MA), rabbit anti-SOHLH1 (1:200 dilution; a generous gift from A. Rajkovic) [22] , goat anti-CDH1 (1:500 dilution; catalog no. AF748; R&D Systems), goat anti-GFRA1 (1:50 dilution; catalog no. AF560; R&D Systems), and rabbit anti-ETV5 (1:500 dilution; catalog no. Ab102010; Abcam, Cambridge, MA). Primary antibodies were applied overnight at 48C. Cells were washed with PBT except for GFRA1 immunostaining, where PBS was used instead. Secondary antibodies were Alexa-594-conjugated goat anti-rabbit or goat anti-mouse immunoglobulin G (IgG; 1:500 dilution; Life Technologies) or Cy3-conjugated donkey anti-goat (1:500 dilution; Jackson ImmunoResearch, West Grove, PA). Secondary antibodies were diluted in PBT together with 1 lg/ml 4 0 ,6-diamidino-2-phenylindole and were applied for 2 h at room temperature or overnight at 48C, followed by washing in PBT (or PBS for anti-GFRA1). All incubations and washes were carried out at room temperature unless specified otherwise. For a negative control, the primary antibody was omitted. For KIT, immunostaining control or treated cells were trypsinized, washed in PBS with 0.5% fetal bovine serum (PBS/FBS), incubated in PE-c-KIT antibody (catalog no. 2B8; Abcam) or PE-IgG isotype control (catalog no. RTK4530; Abcam) at 1 lg/ml in PBS/FBS, and washed in PBS/FBS. FACSCalibur (Becton Dickenson) was used for analysis.
Imaging
For cluster assays, multi-day time-lapse and general microscopy images were acquired using a Pathway 435 high-content bioimager (BD Biosciences) with a Lumenera-Infinity 3-1 cooled charge-coupled device camera and a 103 objective (U Plan S Apo, 0.40 NA; Olympus) or 203 objective (U Apo/340 0.75 NA; Olympus) as indicated. The resolution of images acquired with the 103 objective was 696 3 512 pixels with 1.186 lm/pixel at a 232 bin. For cluster assays, images were acquired as a 6x6 montage covering ;52% of the growth area in each well (7769 lm 3 5715 lm). Montages were acquired for each well with predetermined exposures (generally ;0.003 msec) using a macro program to automate the process of image acquisition. For short-term time-lapse experiments, images were acquired in the form of 232 montages by using a Pathway 855 high-content bioimager (BD Biosciences) equipped with an Orca AG cooled charge-coupled device camera (Hamamatsu) and 203 objective (U Apo/340 0.75 NA; Olympus) and environmentally controlled chamber (temperature and CO 2 ). Images were acquired at a resolution of 696 3 512 pixels with 0.614 lm/pixel at 232 bin. Images were acquired approximately every 10.5 min for a total of 10-12 h, as indicated.
Semiautomated Image Analysis
Attovision software (BD Biosciences) was used to analyze images. Using the segmentation feature of the software, objects were defined within each set of images based on a fixed set of parameters. The key parameter was the definition of a minimum threshold of fluorescence intensity above background fluorescence. A cutoff of 20 pixels or 5 pixels was defined as the minimum area for objects within images of GFP and EthD2, respectively. We cannot rule out the possibility that clonally distinct clusters in close proximity to each other may have sometimes been merged into a single object or that a single large cluster with multiple parts may have sometimes been parsed into separate objects; likewise, the EthD2 staining in single cells that contained highly fragmented chromatin was occasionally split into multiple objects; still, given the automated nature of the image analysis, the data acquired were unbiased and internally consistent. The segmentation process yielded a table of pixel areas and intensities for all identified objects within each image, and these data were exported to Excel software (Microsoft, Redmond, WA). For multi-day timelapse experiments, the sum of the pixel area for all objects within an image was determined. For cluster assays, a cluster was defined as an object having a minimum area of 497 pixels 2 (MAF4 cells) or 393 pixels 2 (UHG1 cells), and the number of objects with at least this area was determined for each image. These cutoff values were determined by manually identifying clusters containing four to six cells and determining the mean of the pixel area for these clusters (274 and 370 clusters were sampled for MAF4 and UHG1 cells, respectively).
Movie files were made by importing sequences of image files into ImageJ software (National Institutes of Health, Bethesda, MD), pseudo-coloring each stack by merging channels (where applicable), and using a Quicktime Movie Writer plugin to generate the MOV file format. Estimates of the speed of cell movement were made using the Manual Tracking plugin with ImageJ software.
Statistics
Data were presented as means 6 SD, except where the figure legend indicates use of SEM. Statistical analysis was performed using a one-tailed 
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Student t-test. Differences were considered significant when P value was ,0.05. For Table 3 , standard propagation of error calculations were performed to determine the error for the ratio of Control/RA.
Animals
DBA/2J mice were purchased from Jackson Laboratory. Mice were handled and euthanized according to protocols approved by the Bloomington Institutional Animal Care and Use Committee at Indiana University.
RESULTS
Generation of GFP-Labeled GS Cells
In this study we used cultures of spermatogonial stem/ progenitor cells known as ''GS cells'' [13] . GS cells have been previously demonstrated to contain functional SSCs by transplantation [13, 17, 20, 24, 33, [40] [41] [42] . We used lentivirus to introduce one of two GFP-encoding transgenes into the genome of GS cells. The first transgene included the ubiquitin C promoter driving expression of GFP; cells containing this transgene were named ''MAF4'' and were shown in a previous study to form colonies in testes following transplantation, suggesting that the cell line contains functional SSCs [24] . The second transgene used in this study included the ubiquitin C promoter driving a translational fusion of histone H2B and GFP (H2B-GFP); cells containing this transgene were named ''UHG1'' (Fig. 1A) . Transduced cells were isolated by FACS to generate cell lines that stably expressed high levels of GFP [43] . MAF4 and UHG1 cells exhibited growth properties, including cluster formation, and molecular properties, including ZBTB16, POU5F1, cadherin 1 (CDH1 or E-cadherin), glial 
immunostaining, similar to parental cells and previously described GS cells (Fig. 1C, and data not shown) [20, 24, [44] [45] [46] [47] . After multiple passages UHG1 and MAF4 cell lines remained more than 90% GFP positive (Fig. 1B , and data not shown); the reason for the presence of a small fraction of non-GFP-positive cells was unclear, although transgene silencing and heterogeneity in ubiquitin C promoter activity were two possibilities [48] . MAF4 and UHG1 cells both exhibited relatively high GFP fluorescence, suitable for imaging, but the signal-to-noise ratio of UHG1 cells was superior to that of MAF4 cells. Also, the chromatin fluorescence of the histones labeled with H2B-GFP in UHG1 cells enabled visualization of aspects of cellular dynamics, such as cell division and cell death (as described below). UHG1 cells were used in all of the following studies except where indicated.
Application of the Semiautomated GFP-Adapted Cluster Formation Assay
In the original description of the cluster assay, the GS cells expressed a lacZ transgene and were fixed and stained with 5-bromo-4-chloro-indolyl-b-D-galactopyranoside (X-Gal) prior to counting clusters manually [32] . We sought to modify the cluster assay such that it could be applied in a high-throughput format. We first modified the assay by using GFP-labeled GS cells, allowing for visualization of germ cell clusters based on fluorescence. Macro programs were developed using Attovision software to acquire a 636 montage of images (equivalent to 4 3 10 7 lm 2 and covering 52% of a 96-well plate) of each well in an automated fashion. For analysis, Attovision software was used to simultaneously segment all of the images, thereby defining germ cell clusters and statistics such as cluster size ( Fig. 2A ; also see Materials and Methods). Hence, our GFPadapted cluster assay did not require fixation or manual counting.
Next, we evaluated two experimental conditions expected to perturb the balance between SSC self-renewal and differentiation so that these conditions could then be tested in the GFPadapted cluster assay. The first experimental condition, culturing without GDNF and FGF2, has been shown previously to lead to a loss of stem cells based on transplantation [17, 18] . The second experimental condition, growth in the presence of 1 lM RA, has also been shown to lead to a loss of stem cells based on transplantation because the cells differentiate to a premeiotic stage (Table 3 , and see ref. [24] ). In order to directly compare the state of differentiation following each of the two experimental perturbations, we immunostained treated and untreated UHG1 cells with the KIT marker for spermatogonial differentiation [21] . As expected, RA treatment led to an increase in KIT expression; removal of growth factors also led to an increase in KIT expression, although the effect was not as pronounced as with RA (Fig.  2B) . Furthermore, we examined the effect of the two treatments on ZBTB16 expression, a marker associated with the undifferentiated spermatogonia stage. We confirmed previous findings showing that RA treatment leads to a dramatic reduction in ZBTB16 expression (Fig. 2C) ; in contrast, removing growth factors did not lead to a noticeable effect on ZBTB16 levels, possibly because ZBTB16 expression may also be expressed in the early differentiated spermatogonia stage (Fig. 2C) [25, 49] . These results suggested that both treatments led to GS cell differentiation, although RA treatment may have led to more pronounced differentiation than removal of growth factors.
FIG. 2. GFP-based cluster assay. A) Example of an original image (left) and the results of segmentation by Attovision software (right). Each cluster, as
defined by the automated segmentation analysis, is shown as a numbered segment. B) Histogram shows means 6 SD (n ¼ 2 wells) of the percentage of KITþ cells determined by flow cytometry in a representative experiment in which UHG1 cells were grown in the absence of growth factors for 4 days (without GF) or the presence of RA for 3 days (RA) or in normal medium (control). The same trend was observed in multiple experiments using the UHG1 and DGC3 cell lines. C) Immunostaining to detect ZBTB16 in UHG1 cells grown in normal medium (control) or without growth factors for 4 days (without GF) or treated for 3 days with 1 lM RA. For each image, the corresponding image of GFP fluorescence is also shown. D) Histogram shows means 6 SD of the number of clusters per 636 image montage using UHG1 (Ubc-H2B-GFP, black bars) or MAF4 (Ubc-GFP, white bars) cells from a representative experiment. Three replicate wells per condition were analyzed. Cells were grown without growth factors for 6 days (''minus GF'') or treated for 3 days with 1 lM retinoic acid (''RA'') prior to setting up the cluster assay in normal growth medium. Each bar ¼ 50 lm.
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To test the utility of the GFP-adapted cluster assay for predicting relative stem cell numbers, we used the assay to quantify the cluster-forming activity of GS cells grown under the two experimental conditions. Specifically, GS cells were cultured for 6 days in medium lacking growth factors or for 3 days in medium containing 1 lM RA. Then clusters were trypsinized and replated in 96-well imaging plates in normal growth medium (SPGF). Yeh et al. [32] defined clusters as groups of at least six germ cells present after 6 days of growth. In keeping with the original assay design, we analyzed clusters after a 6-day growth period and applied a minimum threshold of cluster area corresponding to approximately six cellcontaining clusters ( Fig. 2A and Materials and Methods). Based on the effect of the treatments on marker expression described above and previously described transplantation data, we predicted that the treatments would lead to reduced clusterforming activity. Indeed, GS cells subjected to either the RA or growth factor removal treatments exhibited a significant decrease in the number of clusters formed (Fig. 2D and Table  3 ). Our results bolstered existing data showing that clusterforming activity is a reliable predictor of stem cell activity because cluster-forming activity in vitro and stem cell activity based on transplantation were correlated (Table 3) . Additionally, our results established the GFP-adapted cluster assay as a highly efficient method for obtaining unbiased, quantitative data for cluster formation.
Visualization of Spermatogonial Proliferation and Death with Multicolor Labeling
While our results together with the results of others supported the idea that the cluster-forming activity in vitro and the stem cell activity based on transplantation were correlated, it was not formally possible to prove that each cluster-forming cell was equivalent to a ''true'' stem cell because transplantation of individual cluster-forming cells would be required to demonstrate functional stem cell activity. Nonetheless, we decided to investigate the nature of cluster formation further by performing several types of time-lapse studies to overcome the limitation of the cluster assay, which provided information about clusters present at only a single time point. Cell death is abundant even in normally growing GS cell cultures. Considering that cell death and cell proliferation could both contribute to determining whether a plated cell ultimately forms a cluster, we first developed an approach that simultaneously reported cell death and cell proliferation in living cultures. Dead cells were visualized using EthD2 (or Dead Red), a DNA-binding dye that is impermeable to the membranes of live cells but penetrates membranes of dying cells as they lose membrane integrity.
A range of phenotypes were observed following EthD2 staining of UHG1 cells. Healthy interphase cells were recognized by a pattern of H2B-GFP that was homogeneous and round and did not stain with EthD2 (Fig 3A, bracket) . Also, many cells had abnormally condensed H2B-GFP, and a subset of these cells costained with EthD2 (Fig. 3, A, arrow, and C, caret). Such GFP-positive (GFPþ)/EthD2-positive (EthD2þ) cells were most often present on the periphery of a cluster (Fig. 3, A, arrow, and C, caret) . In contrast, cells that appeared abnormally small and dark under transmitted light, likely cell corpses, had bright EthD2 staining but no H2B-GFP (Fig. 3A, arrowhead) . These GFP-minus (GFPÀ)/EthD2þ cells were generally in isolation from other clusters and were likely to include older germ cell corpses in which the GFP protein had been degraded. A small fraction of the GFPÀ/EthD2þ cells also included dead MEFs because wells containing only MEFs (without germ cells) also contained occasional EthD2þ cells (data not shown).
Time-lapse imaging of EthD2-stained UHG1 cells suggested the following progression of events to explain the various phenotypes observed. As cells died, they first exhibited an abnormally condensed H2B-GFP pattern, then they gained EthD2 staining, and ultimately the GFP was extinguished leaving EthD2-stained cell corpses (Fig. 3C , caret, and see Supplemental Movie S1, circle D; available online at www. biolreprod.org). Observed patterns were consistent with the known sequence of events that occurs during cell death. Specifically, hypercondensation and fragmentation of DNA are thought to be early events followed eventually by a loss of membrane integrity [50] .
Given the apparent prevalence of cell death in normal GS cell cultures, we performed a time-course study to quantify GS cell death over the course of normal culture growth. The same well could not be visualized throughout the 12-day-long experiment because of complications with EthD2 background staining; instead, multiple wells were seeded with UHG1 cells, and then triplicate wells were stained with EthD2 prior to analysis on Days 1, 3, 6, and 12. We observed a steady increase in cell death that was proportional to the total GFP fluorescence per well (Fig. 3B) . That is, as the culture expanded to contain more cells, it also contained more dead cells. These results suggested that cell death occurs continuously throughout the culturing of GS cells. Furthermore, normal healthy cultures exhibited a relatively high degree of cell death that was quantifiable with EthD2 staining.
Development of a Quantitative Assay for Tracking LongTerm GS Cell Culture Growth
In order to quantitate cell proliferation over time, we performed time-lapse studies spanning several doublings. The doubling rate for SSCs in GS cultures is approximately 3 (2.7) days [13, 45] . The same portion of each well (equivalent to 2 3 10 6 lm 2 or 6% of a well) was imaged once each day for ;17 days (Fig. 4) . With the chosen cellular density and timing of imaging (once each day), individual cells or clusters could not be tracked unequivocally from one time point to the next because the cells moved considerably; nonetheless, quantitative data on the dynamics of the population as a whole could be readily obtained. Attovision software was used to segment the images into areas of green fluorescence, as in the cluster assay ( Fig. 2A) . Then, areas of green fluorescence were summed to provide a total for each well. Hence, using GFP in UHG1 cells, we could track growth of living cell populations over a long time frame in a noninvasive, unbiased, straightforward and quantitative manner. Figure 4A shows a typical growth chart for three cell populations propagated under standard conditions (SPGF medium). The continued growth of the clusters over 16 days suggested that the imaging procedure did not have any deleterious effects until the 17th day, when a drop was observed likely as a result of overcrowding and/or poor MEF quality (Supplemental Movie S2); also, growth in imaged and unimaged wells appeared qualitatively similar throughout each experiment based on visualization with transmitted light (data not shown).
Quantitation of GS Cell Culture Growth upon RA-Induced Differentiation and Recovery
We then applied our multi-day time-lapse assay to study the effect of two experimental treatments: RA exposure or removal of growth factors. As described above, growth in RA caused HEIM ET AL.
SSCs to differentiate into premeiotic spermatogonia within 3 days and led to significant cell death, likely because growth conditions were insufficient to support meiosis (Supplemental Fig. S1 and see ref. [24] ). Time-lapse imaging of UHG1 cells cultured in the presence of RA for 5 days revealed that the area of GFP fluorescence continued to increase during the first several days of RA treatment and then declined dramatically, regardless of whether RA was present or absent (Fig. 4, B, C , and E). The initial increase in fluorescent area during treatment indicated that while the spermatogonia differentiate in response to RA, they were also proliferating before ultimately undergoing cell death.
In order to further evaluate the dynamics of RA-induced differentiation, we used the multi-day time-lapse assay to compare the growth of cultures treated with RA for various amounts of time. Continuous RA treatment throughout the imaging period (17 days) led to undetectable levels of GFP (no live cells); however, transient treatments of RA for either 3 days (data not shown) or 5 days (Fig. 4 , B-C, and Supplemental Movie S3), followed by growth in normal medium eventually led to cluster recovery, despite the presence of extensive cell death apparent during RA treatment. Recovery after 5 days of RA treatment was rare, but it was particularly remarkable because 5 days of RA treatment led to nearly complete obliteration of the germ cell population. In one experiment, two cells within the imaged area (;1116 cells plated at the outset within the imaged area) survived and recovered to form clusters (Fig. 4B , arrowheads, and Supplemental Movie S3). Strikingly, the rare recovered clusters were capable of establishing new cultures when passaged to a new plate and returned to normal medium. Two possible interpretations of the data that could not be distinguished with this assay were that a few rare cells were resistant to the RA treatment and failed to differentiate even after 5 days of RA exposure or that some cells that had differentiated still exhibited cluster-forming activity.
Quantitation of GS Cell Culture Growth upon Removal of Growth Factors and Recovery
We also used the multi-day time course assay to quantify the effect of growth factor withdrawal on GS cell culture growth. 
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Removal of growth factors is known to lead to loss of SSCs based on the transplantation assay [17, 18] . Within 5 days without growth factors, the total GFP area was significantly lower than that in controls (Fig. 4, B, D , and E, and Supplemental Movie S4). Considering that at least 90% of GS cells are likely to be progenitor cells [19, 20] , these results suggested that progenitors and not just SSCs require GDNF/ FGF2 for proliferation and/or survival because if growth factors were required merely for the rare SSC population, then a noticeable difference would likely not have been detected within 5 days. Interestingly, GS cells displayed a distinct pattern of growth when cultured without growth factors Arrowheads indicate rare clusters that recovered following treatment with RA. D) Means 6 SEM of total GFP fluorescence in images from wells grown under three conditions: control (n ¼ 8 wells, 3 experiments), without growth factors (''minus GF 17d,'' n ¼ 6 wells, 2 experiments), or without growth factors from Days 1 to 9 and then normal growth medium (''minus GF 8d,'' n ¼ 9 wells, 2 experiments). The corresponding images from a representative well are shown in B. C-E) Quantities were calculated as total fluorescence area relative to Day 1 for each well, prior to determining the mean for all wells. Bars underneath the histogram are schematics of the treatment regimes. E) Data from C and D combined onto a single chart focused on Days 1-9. Asterisk indicates a statistically significant difference (P , 0.05) between growth factor removal treatment and RA (5-day) treatment for Days 7, 8 and 9. compared to those treated with RA. While GFP area increased and then dramatically declined following 5 days of RA exposure, the change in GFP area as a result of the removal of growth factors was much more gradual and more variable between experiments. In particular, we observed a significantly lower quantity of GFP fluorescence in RA-treated cells than in cells growing without growth factors at Days 7-9 (Fig. 4E) . Furthermore, following 8 days without growth factors, GS cells were capable of distinct and quantifiable recovery when returned to normal growth medium (Fig. 4, B and D) . Also, GS cells that recovered following growth factor withdrawal could be further propagated in culture when passaged to a new plate (data not shown), suggesting that the growth factor withdrawal treatment had not caused the cells to differentiate to a point of losing cluster-forming activity.
Time-Lapse Imaging Reveals Dynamic Properties of GS Cells
In testes, undifferentiated spermatogonia exhibit several interesting behaviors whose significance is not entirely clear. These behaviors include synchronized cell division, synchronized cell death, and considerable cell migration. To test whether such cellular activities could be studied in vitro, we analyzed UHG1 cells for periods spanning several hours with images captured approximately every 10.5 min. We observed synchronized mitosis among groups of cells within a cluster (Fig. 3C, arrowhead) . Also, we occasionally observed synchronized cell death (Supplemental Movie S5). Overall, the GS cells were highly mobile (Supplemental Movies S1, S5, and S6). Individual cells within a cluster jostled seemingly at random, although they appeared constrained by their attachments to each other. Notably, cells that appeared to be configured in a linear arrangement, a shape that may be likened to differentiating chains of spermatogonia in vivo, were sometimes arranged in a nonlinear fashion minutes later (Supplemental Movie S1). The fact that clusters of cells converted back and forth between linear and nonlinear arrangements in the span of hours suggested that the appearance of a linear arrangement of cells in vitro does not necessarily indicate a particular stage of differentiation.
In addition to the limited movements of healthy cells, we were surprised to see some isolated cells with abnormal chromatin morphology, indicative of a dead or dying cell, occasionally making significant, concerted movements. These migratory cells reached speeds of 45 lm per h, and some cells were seen moving in a fixed direction over multiple images spanning several hours. Time-lapse imaging of UHG1 cells in the presence of EthD2 confirmed that some of these highly migratory cells were indeed stained with EthD2 (Supplemental Movies S1 and S6 and Supplemental Fig. S2 ). These concerted movements occurred against the backdrop of neighboring clusters that were relatively still, ruling out the possibility that the migratory cells were artifacts related to movement of the underlying substratum (feeder cells) or plate (Fig. 3C and Supplemental Movie S1). Also, the possibility that the cells were floating stochastically in the medium was ruled out because the movement sometimes occurred in a single direction through several images spanning 30 min or more while remaining in the plane of focus. Moving EthD2þ cells were consistently in isolation from the healthy germ cell clusters, although the EthD2þ cells sometimes occurred in groups of two-three, suggesting that the cells may have been sibling cells that all died concurrently. The explanation for these concerted movements of apparently dead or dying cells was unclear but may relate to the observation that dead cells are often on the periphery of or excluded from clusters of healthy cells.
DISCUSSION
In this study we developed multiple tools for quantifying GS cell culture dynamics. First, we elaborated upon the published cluster assay and provided further data to support the use of this assay as an efficient means of estimating stem cell numbers. Second, we developed a method for tracking cluster growth over multiple weeks. We showed that a gradual, quantifiable decrease in culture growth can be visualized in two experimental paradigms that lead to stem cell loss. Finally, we demonstrated that GS cell mitosis, death, and migration can be visualized in living cultures. These tools are expected to be highly useful for future high-throughput analysis of SSC selfrenewal and differentiation using GS cell cultures from rodents or other species as an in vitro model.
A common element essential to all three of the approaches described here was labeling of GS cells with GFP. Another study demonstrated the utility of GFP-labeled GS cells for performing fluorescence-based analysis of cluster formation [34] . In that study the cells were derived from a transgenic rat that expressed GFP specifically in germ cells. We built upon that method by using an approach that is, in principle, applicable to SSCs of any genotype and from any species, most notably human SSCs. Specifically, we showed that lentivirus can be used to stably introduce the histone H2B-GFP transgene into cells, thereby yielding a cell line with GFP expression suitable for semiautomated imaging and analysis. The robust expression of this transgene could be detected with extremely short exposure times, facilitating repeated imaging during multi-day and multi-hour time-lapse studies with little toxicity.
The cluster assay was first described in 2007 as a method for quantifying stem cell activity. In contrast to a transplantation assay, which requires extraordinary skill, time, and money, the in vitro cluster assay offers several advantages, including the fact that it only takes 1 week to accomplish. Despite its ease of use, only a few other laboratories have subsequently reported using the assay as a means of quantifying relative stem cell numbers [6, 33, 34, 51, 52] . One limitation may be the requirement for LacZ or GFP in the genetic background of GS cells, an issue that can be readily overcome with our approach for genetically modifying GS cells. An additional concern may be related to the experimental conditions that were originally used for validating the assay. Here we present data to further strengthen the conclusions of Yeh et al. [32] . We applied the cluster assay under two experimental conditions that are physiologically relevant to the known pathways regulating SSC self-renewal and differentiation. Specifically, RA causes GS cells to differentiate to a premeiotic state, leading to loss of stem cell activity [24] ; also, it is well known that the growth factors GDNF and FGF2 are required for maintenance of stem cells in the GS cell culture system, and we showed that removal of growth factors led to increased expression of KIT, a marker for spermatogonia differentiation [21] . While Yeh et al. [32] also tested the effect of culturing without growth factors, they did not observe a phenotype. Their results were unexpected and may be different from those described here because of differences in the cell type (primary testicular cells vs. established GS cells) and feeder layer (STO vs. MEF) that were used. All the same, the data we present bolster confidence in using cluster formation as a surrogate for a transplantation assay. While, the transplantation assay will still be necessary for demonstrating the full differentiation potential of SSCs into LIVE IMAGING OF SPERMATOGONIAL STEM CELLS IN VITRO functional spermatozoa, the cluster assay should be extremely useful as a preliminary screen prior to transplantation.
GS cells are remarkably similar to their in vivo counterpart, undifferentiated spermatogonia, both molecularly and morphologically [13, 24] . In terms of morphology, GS cells appear to grow as groups of interconnected cells based on the following evidence. Wu et al. [19] provided direct evidence for intercellular bridges between cells grown in a culture system that is essentially the rat equivalent to the mouse GS cell culture system used here. Additionally, our observations of groups of GS cells undergoing synchronized mitosis and occasionally synchronized cell death supports the idea that subsets of GS cells share intracellular signals likely through intercellular bridges. Perhaps our understanding of the biological relevance of the syncytial nature of spermatogonial development could be advanced by studying GS cells.
The migratory nature of germ cells is another intriguing aspect of germ cell biology. Yoshida et al. [53] beautifully demonstrated the feasibility of visualizing spermatogonial migration in living tissue; also, a recent study has begun to unravel the role of chemokines in maintaining SSCs/progenitor cells in a stem cell niche [54] . Analyzing the migratory behaviors of spermatogonia in vitro could be more widely applicable for certain types of studies than imaging in living tissue, a method that is very technically demanding. The ability to visualize GS cell movements in vitro, as demonstrated here, may help to further clarify the mysteries surrounding spermatogonial migration although one must also be cognizant of differences that could exist between cells in culture and cells in tissue.
GS cells are a valuable model for studying the intrinsic and extrinsic regulation of SSC fate because self-renewal and differentiation are present in a single culture system. Yet, in some situations the complexity of the culture system could be confounding. For instance, in order to use GS cells as a toxicity model for testing the effect of drugs on SSC viability, one must account for the high degree of cell death present in a normal healthy culture. In fact, we have observed a direct correlation between the number of healthy cells in culture (GFP) and cell death (EthD2 staining). Hence, observations of cell proliferation and cell death at multiple time points, similar to the multiday time-lapse experiments presented here, may be essential to accurately interpret the results of a toxicity study.
Ultimately we aim to devise an imaging-based strategy that accurately reflects the states of stem cell self-renewal and differentiation. However, discovery of a marker for spermatogonial stem cells has been a major challenge in the field. Fortunately, a few markers of differentiation have now been identified. Once suitable fluorescent reporters of the stem cell and differentiated states are developed, the approaches developed here using H2B-GFP could be expanded for a variety of applications. In the future, functional genomics could be used to identify new genes that regulate self-renewal or differentiation and chemical libraries could be screened to identify compounds with purposes ranging from animal sterilization to cell therapy.
